High rates of gene duplication and the highest levels of functional allelic diversity in vertebrate genomes are the main hallmarks of the major histocompatibility complex (MHC), a multigene family with a primordial role in pathogen recognition. The usual tight linkage among MHC gene duplicates may provide an opportunity for the evolution of haplotypes that associate functionally divergent alleles and thus grant the transmission of optimal levels of diversity to coming generations. Even though such associations may be a crucial component of disease resistance, this hypothesis has been given little attention in wild populations. Here, we leveraged pedigree data from a barn owl (Tyto alba) population to characterize MHC haplotype structure across two MHC class I (MHC-I) and two MHC class IIB (MHC-IIB) duplicates, in order to test the hypothesis that haplotypes' genetic diversity is higher than expected from randomly associated alleles. After showing that MHC loci are tightly linked within classes, we found limited evidence for shifts towards MHC haplotypes combining high diversity. Neither amino acid nor functional within-haplotype diversity were significantly higher than in random sets of haplotypes, regardless of MHC class. Our results therefore provide no evidence for selection towards highdiversity MHC haplotypes in barn owls. Rather, high rates of concerted evolution may constrain the evolution of highdiversity haplotypes at MHC-I, while, in contrast, for MHC-IIB, fixed differences among loci may provide barn owls with already optimized functional diversity. This suggests that at the MHC-I and MHC-IIB respectively, different evolutionary dynamics may govern the evolution of within-haplotype diversity.
Introduction
Gene duplication is a major mechanism in the evolution of phenotypic complexity (Lynch and Conery 2000; Conant and Wolfe 2008) , and has led to one of the most remarkable adaptations in vertebrates, the major histocompatibility complex (MHC). The MHC multigene family has a primordial role in pathogen resistance. Classical MHC class I (MHC-I) and class II (MHC-II) genes encode cell-surface proteins that present antigen-peptides derived from pathogens to T-lymphocytes, in order to trigger an adaptive immune response (Klein and Sato 2000) . As a result of the host-pathogen arms race, MHC-I and MHC-II genes have evolved the highest genetic diversity known from any vertebrate genome region to date (Gaudieri et al. 2000; Bernatchez and Landry 2003; Piertney and Oliver 2006) . This diversity entails not only the number of different alleles and the high degree of genetic divergence between them, but also the number of duplicated genes. MHC-I and -II diversity is typically distributed across multiple functional Reto Burri and Luca Fumagalli contributed equally to this work. gene copies that are usually situated in tandem (Trowsdale and Parham 2004; Kelley et al. 2005) .
Despite the growing amount of data on the characterization of MHC diversity and duplication history, the link between them, i.e., the combination of alleles of each duplicated MHC gene into haplotypes, has received little attention. Yet, diversity within haplotypes may deliver raw material that is selected at the ecological level. Until now, most of our knowledge about MHC haplotype structure is limited to human and poultry. In chicken, MHC-I variants appear to segregate together with co-adapted variants at strongly linked TAP genes that are fine-tuned with respect to their function of loading peptides on the MHC-I molecules (Walker et al. 2011 ). This coevolution is involved in MHC haplotype-related disease resistance, as for instance in economically important diseases such as Rous sarcoma virus or Marek's disease (Kaufman et al. 1999; Kaufman 2000; Wallny et al. 2006; Koch et al. 2007) .
As MHC molecules are directly involved in the presentation of pathogen-peptides, MHC diversity should be optimized for a large number of different MHC molecules in individuals in order to fight a broader range of pathogens and thereby confers them with higher fitness (Doherty and Zinkernagel 1975; Bernatchez and Landry 2003; Sommer 2005; Spurgin and Richardson 2010) . Individuals with highly divergent MHC alleles can interact with a wider range of pathogen-peptides than individuals with low allelic divergence (divergent allele advantage, Wakeland et al. 1990; Lenz 2011) . Ample evidence has shown that high MHC diversity confers better pathogen resistance via heterozygote advantage or divergent allele advantage (for instance, Penn et al. 2002; Lenz et al. 2009; Oliver et al. 2009; Savage and Zamudio 2011) , even if the optimum can be achieved by an intermediate level of MHC diversity due to the negative T-cell selection process (Nowak et al. 1992; Wegner et al. 2003) . To optimize an individual's MHC diversity, mate choice for MHC-dissimilar partners may operate to increase the diversity in offspring. Alternatively, high-diversity haplotypes encompassing tightly linked MHC-I and/or MHC-II genes may ensure the transmission of a high amount of individual MHC diversity to progeny, even under random mating (Dearborn et al. 2016) .
Under the latter hypothesis, high-diversity MHC haplotypes should be favored by selection. In natural populations, selection for such haplotypes may be expressed in one of two ways. In the most extreme case, the diversity of observed haplotypes (i.e., the ones found in the population) exceeds the diversity levels expected for random subsets of the possible haplotypes (i.e., of all possible combinations of variants across duplicated genes, including haplotypes absent from the population); low-diversity haplotypes are purged from the population. More likely, however, highdiversity MHC haplotypes are found at higher frequencies than low-diversity haplotypes, and the average observed within-haplotype diversity should exceed the one expected under equal haplotype frequencies. These predictions should especially hold true for functional MHC diversity, i.e., the diversity observed at the residues of the peptidebinding region (PBR) involved in the detection of pathogenderived peptides.
In most species, determining whether MHC haplotypes lock up higher than randomly expected diversity has been limited by the ability to reconstruct MHC haplotypes. In addition, establishing haplotypes is notoriously difficult in species exhibiting high number of duplicated MHC loci, such as observed in many bird species (for instance Promerová et al. 2009; Zagalska-Neubauer et al. 2010; Strandh et al. 2011; Sepil et al. 2012; Buehler et al. 2013) . Here, we took advantage of extensive pedigree data to reconstruct MHC-I and MHC-IIB haplotypes, in order to investigate whether haplotypes combining a high MHC diversity were favored in a natural population of barn owl (Tyto alba), a species with only two MHC-I and MHC-IIB duplicates (Burri et al. 2008; Gaigher et al. 2016) . To this end, our main objectives in the present study were to: (i) characterize the evolutionary mechanisms that shape MHC diversity; (ii) estimate the degree of linkage between MHC loci; and (iii) test whether the haplotypes' genetic diversity is higher than expected under random allelic combinations.
Material and methods

Sampling and DNA extraction
We focused our study on a single population of barn owls breeding in nest boxes in western Switzerland. We collected blood and feather samples from adults and their offspring between 1997 and 2003 resulting in a total of 937 barn owls. These samples included 823 individuals from 140 families. Each family was formed of two parents and on average 4.5 (range 1-17) offspring.
DNA was extracted using the DNeasy blood and tissue kit following the manufacturer's instructions (Qiagen, Hilden, Germany). All individuals were genotyped at 10 microsatellite markers (multiplex sets 3 and 4 in Burri et al. 2016) to verify parent-offspring relationships using CER-VUS (Kalinowski et al. 2007 ).
MHC sequencing and genotyping
We investigated exon 3 of MHC class Iα (MHC-I) genes and exon 2 of MHC class IIβ (MHC-IIB) genes, which encode for polymorphic sequences encoding the respective genes' PBR. MHC-I primers were developed to specifically co-amplify the exon 3 of the two genes (see details in Gaigher et al. 2016) . For specific amplification of both MHC-IIB genes (DAB1 and DAB2), we used forward primers Tyal-int1F and Tyal-DAB2-int1F together with the single reverse primer Tyal-int2R (Burri et al. 2008; Supplementary Methods) .
Because each MHC class was sequenced at a different time period, and since the most updated technologies available at that time were used, libraries of the MHC-I and MHC-IIB genes were sequenced with the Illumina MiSeq technology and the 454 Titanium pyrosequencing protocol, respectively. All molecular protocols are described in Gaigher et al. (2016) and Burri et al. (2008) , for MHC-I and MHC-IIB, respectively, and in the Supplementary Methods. In brief, all individuals were amplified for both MHC classes with individual barcoded primers. PCR products were quantified (either visually on agarose gels or using the QIAxcel screening system (Qiagen)), purified by pooling eight PCR products of similar amplification intensity per column, and finally pooled according to equimolar concentrations of purified PCR products. Library preparation and high-throughput sequencing were performed at Fasteris (Plan-les-Ouates, Switzerland).
The MHC-I data used in the current study were previously published, and details about the genotyping procedure can be found in Gaigher et al. (2016) . Briefly, the Illumina approach used to sequence MHC-I yielded a very high coverage per individual (~3000×). To identify and estimate the number of MHC-I alleles per individual, we used the degree of change (DOC) (Lighten et al. 2014) , that uses sequencing depth to distinguish true alleles from artifacts. Based on the pattern of allelic segregation within families, we have demonstrated that the DOC method provides accurate MHC genotyping (Gaigher et al. 2016 ). In addition, allelic segregation patterns, together with high per-individual sequencing coverage, revealed allele sharing among loci, as well as the presence of copy number variation (CNV) in the barn owl MHC-I (Gaigher et al. 2016) .
The MHC-IIB data were generated for this study. The 454 technology used to sequence MHC-IIB loci resulted in an average coverage of 78 reads per individual. However, from these data a high proportion of artifacts was detected (mainly attributed to indels, but also including substitutions or chimera errors generated during PCR or sequencing). Consequently, in order to increase the coverage of true alleles to facilitate their identification we deployed a sequence similarity-based clustering approach to gather true alleles with all their potential artifacts, an approach in the same line of reasoning as Stutz and Bolnick (2014) and Sebastian et al. (2016) . Our procedure relied on the three assumptions that: (i) in the whole dataset true alleles should be found at higher frequency than artifacts; (ii) artifacts should be highly similar to true alleles, differing only by 1 or 2 indels (especially in homopolymer regions) and/or substitutions; and (iii) artifacts have to co-occur with their true alleles within an individual. Generated clusters (i.e., the true allele plus its artifacts) were used to define MHC-IIB genotypes. Due to the independent amplification of both MHC-IIB loci, a maximum of two clusters per loci and per individual was expected. For details of the procedure see the Supplementary Methods. The MHC-IIB genotyping were judged reliable due to the correct matches in the pattern of allelic segregation within families. Furthermore, a subset of around 100 individuals were genotyped using the cloning/ Sanger method, and showed congruent genotype results with the 454 sequencing.
Characterization of MHC-I and MHC-IIB
All identified alleles were designated according to standard nomenclature (Klein et al. 1990 ) and deposited in GenBank. Alignments of MHC-I and MHC-IIB alleles were performed separately using ClustalW (Thompson et al. 1994) implemented in MEGA5 (Tamura et al. 2011) . For each MHC class, the average number of pairwise differences per base pair (π) was estimated in DnaSP (Librado and Rozas 2009) , and Poisson corrected amino acid distances were obtained in MEGA5. These analyzes were run on three data partitions: (i) the entire exon; (ii) codons of the PBR exclusively; and (iii) codons of the non-PBR exclusively. PBR codons were defined from Human HLA and Chicken BF for MHC-I (Bjorkman et al. 1987; Wallny et al. 2006) and from Human HLA for MHC-IIB (Brown et al. 1993) .
In order to investigate the phylogenetic relationships among MHC alleles, we built a molecular phylogeny for each MHC class separately, using MrBayes v3.2.3 (Ronquist and Huelsenbeck 2003) based on the GTR + Г model, which was considered the best-fitting nucleotide substitution model by jModelTest (Darriba et al. 2012) . Bayesian inference analyzes were performed with two independent MCMC runs of 2 × 10 7 generations (three heated chains with a temperature of 0.15). Parameter values and tree topologies were sampled every 2000 generations. Posterior probabilities were calculated after removing the first 25% of the topologies as burn-in. Convergence was estimated using the average standard deviation of split frequencies between runs, the estimated sample size and the potential scale reduction factor (PSRF) using MrBayes and Tracer v1.6 (Rambaut et al. 2014) .
Recombination events were inferred using multiple methods implemented in RDP4, including RDP (Martin and Rybicki 2000) , MaxChi (Smith 1992) , and Chimerae (Posada and Crandall 2001) . All default parameters were applied with a highest acceptable P-value of 0.05 and Bonferroni correction for multiple comparisons. In addition, we performed the Φw test (Bruen et al. 2006) in SplitsTree 4 (Huson and Bryant 2006) , and estimated the minimal number of historical recombination events (Hudson and Kaplan 1985) using the four-gamete test in DnaSP. Finally, gene conversion events were tracked using Geneconv 1.81 (Sawyer 1999 ) with 10,000 permutations.
In order to investigate footprints of positive selection, we estimated maximum likelihood site-models using CodeML implemented in PAML v4.7 (Yang 2007) . These analyzes were performed independently for each MHC gene using the identified alleles as input. Two likelihood ratio tests of positive selection as proposed by Yang et al. (2005) were carried out comparing models M1a with M2a and models M7 with M8. Models M1a and M7 are neutral, while models M2a and M8 allow for a proportion of sites to evolve under positive selection. Likelihood ratio test statistics (i.e., 2*(lnL b -lnL a )) were compared to the χ 2 distribution with two degrees of freedom. When the best-fit model was M2a or M8, sites under positive selection were determined through the Bayes empirical Bayes (BEB) approach. Input tree files used to run CodeML were generated from MrBayes under the GTR + Г model. In order to ensure that signals of selection were not sensitive to tree topology, we used the best tree as input, and then reperformed the CodeML analysis with nine other topologies randomly chosen from the posterior distribution of topologies.
Genetic architecture
The MHC haplotype reconstruction for each individual was performed based on the allelic segregation within families. From the resulting haplotypes, we investigated linkage among MHC loci. We estimated linkage between: (i) the two MHC-I loci; (ii) the two MHC-IIB loci; and (iii) MHC classes. Because homozygote parents are uninformative regarding the occurrence of recombination, our linkage estimation was based only on heterozygous parents that transmitted a minimum of five gametes. Because a given parent can be heterozygous at one MHC class but homozygous at the other, the number of parents to assess linkage differed between analyzes involving MHC-I (103 parents, 804 gametes), MHC-IIB (57 parents, 438 gametes), and both classes (76 parents, 535 gametes).
Recombinant gametes were inferred from the rationale provided in Gaigher et al. (2016) . From a fully heterozygous parent, a maximum of 16 different haplotypes are expected to be transmitted to offspring in case of free homologous recombination among all loci. If, in contrast, all MHC loci are linked, only two different haplotypic combinations should be observed in offspring; in this case, alleles at the four linked loci are generally transmitted together. Following this rationale, and assuming that allelic combinations resulted from a minimum number of recombination events, we deduced the frequency of recombinant gametes in our family data, which is indicative of the amount of linkage of the four loci.
Haplotype characterization
Firstly, we estimated the diversity combined within barn owl MHC-I and MHC-IIB haplotypes using three different genetic distances: (i) the nucleotide sequence-based p-distance; (ii) amino acid sequence-based p-distance; and (iii) amino acid functional distance. Nucleotide and amino acid distances between MHC alleles were calculated using MEGA5. Functional distances were measured as reported by Agbali et al. (2010) and Dearborn et al. (2016) . Briefly, the 20 amino acids were described as numerical measures according to five physicochemical properties (Sandberg et al. 1998) , which were used to calculate a Euclidean distance between each pair of amino acids. The functional distance between alleles for MHC-I and MHC-IIB loci was estimated as the mean of Euclidean distances. Then, to test whether the diversity combined within MHC-I and MHC-IIB haplotypes was higher than expected, we performed two tests: test 1 investigated whether the haplotypes observed in the population combined more diversity than a random set of the same number of haplotypes sampled from all possible haplotypes. We then investigated whether haplotypes that combine high diversity are present at elevated frequencies in the population relative to a random combination of alleles, such as expected if selection favored haplotypes combining higher than average diversity. To this end, in test 2 we tested whether the diversity observed with the population haplotype frequency distribution was higher than the one expected with a random combination of alleles, while considering the two loci's allele frequency distributions. Haplotype frequency used for test 2 was obtained from the different haplotypes that adults transmitted to offspring. For these two tests, 10 5 randomizations were run. These tests were performed independently on each MHC class and on three sequence partitions, namely the entire exon sequences, codons situated in the PBR, and codons inferred to be under positive selection. All statistical tests were performed in R 3.1.3 (R Core Team 2014).
Results
MHC-I and MHC-IIB characterization
Out of 937 individuals, 96, 79, and 83% were successfully genotyped for MHC-I, MHC-IIB DAB1, and MHC-IIB DAB2, respectively. The remaining individuals could not be genotyped mainly due to low coverage. A total of 69 MHC-I alleles, 25 MHC-IIB DAB1 alleles, and 17 MHC-IIB DAB2 alleles were identified (Fig. 1) . None showed evidence of non-functionality, such as frameshift mutations or stop codons. All nucleotide sequences translated into unique amino acid sequences for MHC-IIB, and only four were synonymous for MHC-I. Sequence analyzes revealed that both MHC-I and MHC-IIB loci exhibited the classical characteristics of functional MHC genes: (i) high genetic Only the most divergent alleles are shown to illustrate the diversity in MHC-I, whereas all alleles are presented for MHC-IIB. +, residues associated to the PBR. *, sites identified to have evolved under positive selection according the M8 model (P > 95%) (based on the Bayes empirical Bayes approach). The evidence for positive selection at residues 5 and 63 of DAB2 was very sensitive to tree topology and consequently not considered as robust. The same applied to residue 8 of MHC-I diversity mainly located in the peptide-binding regions ( Fig.  1 ; Supplementary Table S1); (ii) evidence of positive selection (Fig. 1) ; and (iii) footprints of recombination and gene conversion (Supplementary Table S2 ). DAB1 displayed a higher diversity than DAB2 (π: DAB1, 0.071; DAB2, 0.053; Supplementary Table S1 ) with a different amino acid composition (Fig. 1) . Our population covers a large variation of allele frequencies from very common to very rare alleles (the frequency of the most common alleles for MHC-I, MHC-IIB DAB1, and MHC-IIB DAB2 genes were 0.12, 0.26, and 0.50 respectively; Supplementary Figure S1 ). In line with the monophyly of MHC-IIB loci in the phylogenetic tree (Supplementary Figure S2) , MHC-IIB exon 2 is highly divergent between both loci (mean amino acid p-distance between loci, within DAB1, and within DAB2, respectively: 0.292, 0.138, and 0.099) ( Fig. 2;  Supplementary Figure S3 ). In contrast, the MHC-I tree exhibited a polytomic topology indicative of reticulate evolution of alleles not only within but also between the two loci (Supplementary Figure S2 and Figure S3 ). The MHC-I pairwise genetic distances revealed a unimodal distribution, with a mean amino acid p-distance of 0.075 (Fig. 2) . Although assigning alleles to loci based on the MHC-I tree was impossible, this could be achieved based on family data. Indeed, given that we observe a set of alleles combining only with another specific set of alleles, we were able to attribute alleles to loci (Supplementary Figure S4) . However, this analysis reveals allele sharing among loci, for instance, Tyal-UA*01 allele occurred on the two MHC-I loci within the same haplotype (Supplementary Figure S4 ) (Gaigher et al. 2016) .
Linkage within and between MHC classes
We inferred MHC-I/MHC-IIB haplotypes in offspring based on the pattern of allele segregation within families, and tracked recombination events to estimate linkage among MHC loci. In line with expectations of tight linkage between MHC loci, our analyzes revealed that for both classes each parent almost exclusively transmitted two different haplotypes to offspring (Fig. 3a) . Within 438 analyzed gametes, no recombination event was detected between MHC-IIB loci, and for MHC-I out of 804 gametes only three showed evidence for recombination between loci. In contrast, between MHC classes eight recombination events were detected within 535 gametes (Fig. 3b) . In addition, nine other recombinant gametes were detected; however due to homozygosity of parents for one locus, recombination events were impossible to locate (i.e., between MHC classes or between loci of the same class). In total, we found evidence for 20 recombination events, implying that MHC loci are linked (lower than 3 cM), but with a stronger linkage within than between MHC classes, and with a stronger linkage between MHC-IIB loci than between MHC-I loci. As may be expected from the latter result, the most common MHC-I alleles are found in haplotypes in combination with many different alleles (for instance Tyal-UA*01, *02, and *03 combine with 13, 12, 12 different alleles, respectively), whereas the most common MHC-IIB DAB1 alleles group with exclusively one or a few DAB2 alleles (Tyal-DAB1*01, Tyal-DAB1*10, and Tyal-DAB1*05 combine with two, two and one DAB2 alleles) (Supplementary Figure S4 ). This last point was supported by the strong linkage between MHC-IIB loci estimated from the likelihood ratio test (P < 0.001).
Haplotype characterization
A total of 111 MHC-I and 40 MHC-IIB different haplotypes were observed (Supplementary Figure S4) . Across MHC classes, 210 different haplotypes were identified. Our data highlighted that only 11 and 9% of all possible allelic combinations were realized for MHC-I and MHC-IIB, respectively. In addition, our population compiles a wide variation of haplotype frequencies from common to rare haplotypes (Supplementary Figure S4) , with important amino acid divergence between alleles (Figs. 1, 2) . Consequently, we took advantage of our data to first test whether the diversity combined within the MHC-I and MHC-IIB haplotypes that are observed in the population was higher than expected under a random set of all possible haplotypes. We found no support in this direction. Neither nucleotide, amino acid nor functional within-haplotype diversity in the population were significantly higher than in random sets of haplotypes, regardless of the MHC class (Test 1, Table 1 ). Then, we tested whether MHC haplotypes with higher frequencies combine the highest diversity, relative to an expected haplotype frequency distribution (Test 2, Table 1 ). The most common MHC-IIB DAB2 allele (MHC-IIB DAB2*01) displays on average the highest amino acid distance with DAB1 alleles (mean amino acid pdistance: 0.311); hence we performed the second test considering allele frequencies in the expected distribution, in order to account for processes unrelated to selection (Test 2, Table 1 ). We found low support in this direction, with only a significant shift for high diversity at the nucleotide level in the PBR and positively selected site (PSS) data, as well as at the amino acid level in the PSS (Test 2, Table 1 ). Overall, an inverse trend was observed for MHC-I haplotypes; i.e., observed haplotypes appear to have lower diversity compared to random expectations (Table 1) . 
Discussion
In the present study, we took advantage of the simple MHC organization of the barn owl and extensive family data to investigate whether tight linkage among MHC genes may favor the evolution of haplotypes that associate functionally divergent alleles, and thus grant the transmission of a high amount of MHC diversity across generations. Our analysis revealed the following main results: (i) a contrasted evolutionary dynamics between MHC classes, where on one hand the two MHC-I loci are indistinguishable due to their high sequence similarity, and on the other hand the two MHC-IIB loci are strongly divergent; (ii) a tight linkage between all MHC loci, but with a stronger linkage within than between MHC classes; and (iii) no evidence for shifts towards high within-haplotype MHC diversity at the amino acid sequence level in our population. As our dataset provided a good representation of the barn owl haplotype diversity in the study population, sample size is unlikely to explain the lack of evidence for evolution towards highdiversity haplotypes. Given the likely biological meaning of our finding, we therefore discuss how the evolution of highdiversity haplotypes in our population may be constrained by the molecular evolution of MHC genes.
Ultimately, from a functional perspective it is unlikely to matter whether two divergent MHC molecules situated at the cell surface are encoded by alleles of the same locus but on different (paternal and maternal) chromosomes, or by alleles of two paralogs linked in the same haplotype. The sole advantage of divergent alleles combined within a haplotype may therefore be that it assures the inheritance of a certain level of MHC diversity across generations. A previous study in the MHC-DRB of wild baboons suggested that selection favors haplotypes combining different sets of DRB supertypes (i.e., clusters of alleles based on their similar amino acid physicochemical properties), leading to an overall high diversity over multiple loci in individuals (Huchard et al. 2008) . In contrast, here we found only low support for high within-haplotype diversity. Explanations for this finding may be fundamentally different between the two MHC classes.
For MHC-I, the evolution of high-diversity haplotypes may be constrained by high rates of recombination and gene conversion. These processes have previously been documented to shape MHC diversity especially in birds (Hess and Edwards 2002; Miller and Lambert 2004; Spurgin et al. 2011; Promerová et al. 2013; Goebel et al. 2017) . In addition, allele shuffling by gene conversion between tandem duplicates is more frequent if loci are physically linked Values in bold are significant (P < 0.05)
Test 1 investigates whether the diversity combined within haplotypes observed in the population is higher than a random set of the same number of haplotypes sampled from all possible haplotypes. Tests 2 investigates whether the diversity combined within the observed haplotype frequency distribution is higher than within a random combination of alleles, while considering the allele frequency distribution
Exp mean expected diversity, Obs mean observed diversity, P P-value, Entire entire sequence, PBR peptidebinding region, PSS positively selected site (Ezawa et al. 2006) . The high levels of linkage between barn owl MHC-I loci (i.e., few crossing over events) may therefore favor the occurrence of gene conversion and explain the sharing of alleles among duplicates. In line with this, we previously demonstrated allele sharing among barn owl MHC-I loci, as well as CNV (Gaigher et al. 2016) , both of which decrease the level of divergence between loci. Barn owl MHC-I diversity therefore tends towards a homogenization across both loci, suggesting high rates of gene conversion. Our results even suggest that observed haplotypes combine lower diversity compared to random expectations. Whether this is promoted by selection remains to be addressed. In contrast, the highly divergent evolutionary history between the two MHC-IIB loci may inherently have promoted the evolution toward high-diversity haplotypes. Here, it is important to note that, had we randomized alleles between rather than within loci, haplotypes would be significantly more diverse than by chance: the two barn owl MHC-IIB loci exhibit fixed differences in the amino acid sequence, especially within the PBR in 5′ of the sequence (Burri et al. 2008) . These fixed differences generate much higher allelic diversity between than within the MHC-IIB loci, and their maintenance may either be due to selection, or due to the limited rate of recombination found in the barn owl MHC-IIB. In either case, as the two loci are already divergent, an even higher level of divergence may be not be of additional advantage, as the fixed differences between duplicates may already ensure the transmission of a sufficient amount of diversity to the next generation.
In the MHC context, the evolution of high-diversity haplotypes may be promoted by the very same mechanism restricting the co-segregation of co-adapted alleles, i.e., recombination. Recombination (sensu lato) represents a major driver of MHC evolution by generating new MHC allelic combinations (see for instance Richman et al. 2003; Promerová et al. 2009; Spurgin et al. 2011) , which may offer an adaptive potential against pathogens (She et al. 1991) . When selection is strong enough, new high-diversity combinations of alleles can be locked, and increase in frequency in the population. At the same time however, if recombination rates are high enough to recombine divergent alleles into beneficial high-diversity haplotypes, it may be equally likely to break up such advantageous combinations. Our results therefore may suggest that in a system involved in defense against pathogens, such as the MHC, considerable flexibility-and hence recombination-may be required to parallel the dynamics of pathogens in time and space (Milinski 2006) , and that the advantages of recombination surmount those of suppressed recombination to maintain high-diversity haplotypes.
To conclude, different evolutionary dynamics may govern the evolution of within-haplotype diversity and selection for high-diversity MHC haplotypes may be weak in the studied population. Whether this reflects MHC diversity levels close to the optimum or results from constraints imposed by recombination is a topic of future investigation.
Data archiving
Previously identified MHC-I sequences are available on GenBank (accession numbers: KX189198-KX189343). MHC-IIB sequences described in this study were deposited in GenBank (accession numbers for DAB1: MG595289-MG595313; for DAB2: MG595314-MG595330). Family data, MHC genotypes and haplotypes were deposited on Dryad database (https://doi.org/10.5061/dryad.745t0).
